Objective To study the diurnal variation in intraocular pressure (IOP) and central corneal thickness (CCT) in healthy Beagles by rebound tonometry and ultrasonic pachymetry, respectively, in addition to determining whether a correlation exists between these two variables. Animals studied Twenty eyes from 10 healthy Beagle dogs were included in the study. Procedures The IOP and CCT were measured by rebound tonometry and ultrasonic pachymetry, respectively, at 2-h intervals over an 8-hour period between 10:00 and 18:00. The IOP and CCT of dogs were found to decrease progressively from the first to the last measurement. There were statistically significant differences between the IOP (P = 0.000) and CCT values (P = 0.032) measured at different times of the day. There was no effect or interaction between gender and eye with the dependent variables. The IOP and CCT were found to be positively correlated (r = 0.213, P = 0.034). The regression equation demonstrated that for every 100 lm increase in CCT, there was an elevation in IOP by 0.8 mmHg.
INTRODUCTION
Measurement of intraocular pressure (IOP) is essential for the management of ocular hypertension or glaucoma. Studies in humans have reported that IOP is influenced by the biomechanical properties of the cornea, including the central corneal thickness (CCT), and that the IOP and CCT are positively correlated. [1] [2] [3] [4] [5] [6] [7] [8] Consequently, IOP may need to be adjusted for CCT, and this adjustment is dependent on the tonometer employed. Few studies have been carried out using dogs, and conflicting results have been obtained. A positive correlation with CCT has been reported for IOP measurements obtained by applanation and rebound tonometry. 9 The effect exerted by CCT on IOP was found to differ between the TonoPen XL and TonoVet tonometers, and IOP values were shown to increase by 1 and 2 mmHg, respectively, for every 100 lm increase in CCT. 9 However, other studies have found no correlation between CCT and IOP in dogs. 10 Previous studies have also found significant variations in the IOP and CCT measured at different hours of the day. This is particularly important in suspected or glaucomatous patients. Daily fluctuation of these parameters has been documented. Higher values have been reported early in the morning compared to the afternoon in humans, 4, 5, 11 nonhuman primates, 12, 13 and dogs. 14 The diurnal variations in IOP and CCT values are correlated, and this correlation appears to be dependent on the tonometer employed. 9 The objective of this study was to analyze the diurnal variation in IOP measured by rebound tonometry and CCT by ultrasound pachymetry (UP) and to evaluate whether a correlation exists between these parameters. Evaluation of the possible effect of diurnal variation on CCT values and the correlation between IOP and CCT would greatly assist both veterinary ophthalmologists and the patients themselves.
MATERIALS A ND ME THODS

Animals
Ten Beagle dogs (five females and five males) aged between 2 and 6 years were included in the study. The animals were kept in individual cages in well-defined, standardized conditions (humidity-and temperaturecontrolled room, 12-h light/dark cycle) and provided water ad libitum. Healthy animals without any history of systemic or ocular disease were selected following a general physical and ophthalmological examination, including biomicroscopy (SL-5; Kowa, Tokyo, Japan), tonometry (Tonopen XL: Mentor Ophthalmics, California, USA), direct ophthalmoscopy (Beta 200; Heine, Herrching, Germany), and indirect ophthalmoscopy (Omega 180; Heine, Herrching, Germany).
This study was conducted in accordance with European legislation (86/609/EU), and the experimental protocol was approved by the Ethics and Welfare Animal Committee (registration number 83 of 12/28/2016) of the University of Cordoba (C ordoba, Spain).
Procedures
During the IOP evaluation, the dogs were placed standing on an examination table and held by an assistant, who took care not to exert pressure on the soft periocular structures or the neck. The head was held elevated (dorsal to the heart) to prevent the influence of head position on the intraocular pressures. 15, 16 All measurements were obtained by the same operator (AGA) between 10:00 and 18:00. All sets of measurements were taken in the same order. The CCT measurements were taken after 2 min on the same dogs and in the same order as the IOP measurements.
The IOP and CCT were measured using a rebound tonometer (Icare tonometer; Revenio Group Corporation, Helsinki, Finland) and ultrasonic pachymeter (PachPen; Accutome, Malvern, Pennsylvania, USA), respectively, every 2 h from 10:00 to 18:00. Measurements were taken at five time points during clinical hours: 10:00; 12:00; 14:00; 16:00; and 18:00.
Intraocular pressure assessment
The IOP of the left and right eyes was measured using a rebound tonometer (Icareâ, average of six readings).
Central corneal thickness assessment
Measurement of CCT was always performed after IOP determination to avoid altering the corneal surface. A drop of topical anesthetic (Presca ına 0.4%; Llorens Laboratory, Barcelona, Spain) was administered in both eyes. The tip of the ultrasound probe was placed directly onto the center of the cornea at a 90°angle. The CCT measurements were taken at a point of the cornea above the center of the pupil. The CCT value was taken as the average of nine successive measurements with a standard deviation less than 5%, discarding those that the instrument determined to have a higher standard deviation.
After the CCT measurements were taken, the corneal integrity of the dogs was determined by slit-lamp biomicroscopy and staining with fluorescein 20 mg/mL. (Colircus ı Fluoresce ına; Alcon Cusi S.A. Laboratories, Barcelona, Spain) and rose bengal (Bio-Tech, Vision Care Pvt. Ltd., Gujarat, India).
Statistical analysis
The statistical tests were carried out using IBM SPSS Statistics version 20.0 (Statistical Package for the Social Sciences, SPSS Inc.).
Prior to the analyses, we tested the assumption of normality using the Shapiro-Wilk test for samples with 20 or fewer subjects. We then analyzed the differences between each of the IOP measurements using a mixed factorial ANOVA with three levels of the intersubject factor, training (male and female).
A repeated-measures ANOVA was performed considering two intrasubject factors, time (five levels: 10:00, 12:00, 14:00, 16:00, and 18:00) and eye (right or left), and one intersubject factor, gender, with two levels (male or female).
The equality of variance-covariance matrices for each of the three levels of the intrasubject factors was tested by Mauchly's test for sphericity. The univariate approach (assumed sphericity) was used in the course of its fulfillment. Where the assumption of sphericity was rejected, the univariate F-statistic was determined by applying the Greenhouse-Geisser correction to estimate epsilon. Failing that, statistical multivariate analysis, not be affected by the breach of sphericity assumption.
The equality of matrix covariance was verified for each level of the intrasubject factors by Levene's test. In the multiple comparisons analysis, the effect of the intrasubject critical levels and confidence intervals were adjusted by Bonferroni correction.
To analyze the relationship between the IOP and CCT variables, the Pearson correlation coefficient was determined.
RE SUL T
The mean values (AE SD) of IOP obtained from each subject are shown in Table 1 . Figure 1 illustrates the IOP values obtained over the 8-hour study period.
The Mauchly's test showed differences between the variances, and therefore, sphericity was not assumed for the time variable (W = 0.059, P = 0.038) or the interaction of time and eye (W = 0.052, P = 0.029).
There were statistically significant differences between mean IOP values over time (F (1.817, 14.539) = 17.921, P = 0.000, g p 2 = 0.691). This result also confirmed the values obtained in the multivariate analysis (Pillai's trace, Wilks' lambda, Hotelling Trace, and Roy's largest root). These statistics all confirmed that the effect of time was significant (F (4, 5 = 22.610, P = 0.002, g p 2 = 0.948), but not the interaction of time and gender (F (4, 5) = 2.270,
, eye and gender (F (1, 8) = 0.056, P = 0.819, g p 2 = 0.007), time and eye (F (4, 5) = 0.814, P = 0.567, g p 2 = 0.394), and time and eye and gender (F (4, 5) = 4.137, P = 0.076, g p 2 = 0.768). Therefore, the mean IOP values were not the same for all five measurements (Figs. 1 and 2), and these differences occurred independently of the other variables.
The multiple comparison analysis showed that these differences occurred between the 10:00 and 16:00 (P = 0.013) and 18:00 (P = 0.011), and between 12:00 and 16:00 (P = 0.011), 12:00 and 18:00 (P = 0.011), and 14:00 and 16:00 (P = 0.032) measurements.
There were no statistically significant differences observed for gender (F (1, 98) = 0.750, P = 0.412, g p 2 = 0.086). The mean (AE SD) CCT values are shown in Table 2 and Fig. 3 , which present the mean CCT values obtained over the study period.
Similarly, the assumption of sphericity for variables time (W = 0.061, P = 0.042) and time and eye (W = 0.054, P = 0.032).
Statistically significant differences were observed between the five measurements (F (2.386, 19.092) = 3.636, P = 0.039, g p 2 = 0.312) obtained between 10:00 and 18:00, but not when considering the effect of the eye All multivariate statistical analyses confirmed the existence of significant differences between the measurements taken (F (4, 5) = 16.878, P = 0.004, g p 2 = 0.931). Multiple comparison analysis with Bonferroni adjustment showed that these differences occurred between 14:00 and 18:00 (P = 0.006).
No statistically significant differences were observed for gender (F (1, 98) = 3.758, P = 0.089, g p 2 = 0.089). The Pearson correlation coefficient showed a significant positive correlation between the IOP and CCT variables (r = 0.213, P = 0.034), where the increase or decrease in one of these factors was accompanied by the same change in the other (Fig. 4) . Based on the simple linear regression analysis, the IOP values were significantly correlated with the CCT values. The regression equation was IOP = 0.008 * CCT + 4.348, demonstrating that for every 100 lm increase in CCT; there was an elevation of 0.8 mmHg. (Fig. 5) .
DISCUSSION
Measurements of IOP vary depending on many factors, such as the tonometer used, 9,17 gender, 9 age, 10,18 body position, 19, 20 jugular venous pressure, 21 oestrous cycle, 22 or the time of day, at which the measurement is taken. 23, 24 Previous studies have demonstrated that IOP displays a circadian rhythm that differs depending on the species examined. 3, 5, 12, 14, 24, 25 In dogs, the highest IOP values have been reported in the morning and the lowest values in the early evening. 14, 24, 26, 27 Likewise, our study demonstrates the diurnal variation in IOP, with statistically significant differences observed between the five measurements taken over the 8-hour study period (P = 0.000). The IOP of dogs was found to progressively decrease from the first to the last measurement. In dogs, Mart ın-Su arez 14 showed a mean percentage of IOP diurnal variation of 47.9 AE 14.3% over a 12-h sampling period. In our study, we observed a diurnal variation in IOP from 11.45 AE 2.96 mmHg at 10:00 to 6.55 AE 1.39 mmHg at 18:00, representing a difference between 10:00 and 18:00 of 4.9 mmHg and a diurnal variation of 42.7%, which is within the range previously described.
14 The mechanisms underlying the daily variation in IOP are not yet well-defined, as many of the physiological and metabolic changes that may influence IOP, as well as other factors, are not easily distinguishable. Various explanations for the variation in IOP have been proposed, including changes in episcleral venous pressure, plasma lactate levels, blood pH, or plasma osmolality. [28] [29] [30] One of the limitations associated with interpreting IOP values is the absence of CCT measurements, as CCT is one of the most important factors when attempting to accurately measure IOP. Diurnal variation of CCT under natural conditions has been previously reported in humans, with the thickest corneas observed after awakening. 3 This same phenomenon has also been reported in nonhuman primates 12, 13 and dogs. 14 In primates, Madigan 13 found that corneal thickness showed an overall diurnal variation of 16 AE 5 lm (3.8 AE 1.2%) within the first half-hour of waking up. In dogs, Mart ın-Su arez 14 observed a mean diurnal variation in CCT of 7.5 AE 4.5%, with diurnal variations ranging from 2.7% to 18.7% during a 12-h sampling period. In our study, we observed a statistically significant diurnal variation (P = 0.032) of CCT from 554.95 AE 72.41 lm at 10:00 to 538.30 AE 73.33 lm at 18:00, representing a difference between the first (10:00) and the last measurement (18:00) of 16.65 lm and a diurnal variation of 3.00%, which is within the range previously described. 14 The mechanism of CCT diurnal variation is not welldefined; however, greater corneal thickness is known to be present in the morning 23, 29, 31 due to closing of the eyelids during sleep, which restricts the amount of oxygen that comes into contact with the corneal surface. 3 This leads to activation of anaerobic metabolism, resulting in an increased concentration of lactate within the corneal stroma, and establishment of an osmotic gradient toward the inner part of the cornea. 32 This causes corneal thickening of around 5%, termed nocturnal edema. The changes in corneal thickness induced by overnight swelling are of a greater magnitude than the changes that occur during the rest of the day, 29, 33 and swelling is usually reduced within the first 2 h of awakening. 34 In addition, there are many factors that could, in part, explain the diurnal changes observed on CCT, such as corneal hydration dynamics, for which an explanation has yet not been found. 35 Variations in blink rate, 36 or tear osmolality, 35 have been positively correlated with CCT 35 and could explain the changes in corneal thickness.
Determining an accurate CCT value is essential for evaluating corneal rigidity, and consequently, this represents an important factor for the measurement of IOP by tonometry. The measurement of IOP is performed indirectly and is therefore dependent on the conditions of the corneal surface, such as the CCT, 37 corneal curvature, 8, 38 precorneal tear film, 39 and corneal elasticity, 40 among others. However, the influence of such factors remains to be determined. 41, 42 It is known that IOP can be overestimated in thicker corneas and underestimated in patients with thinner CTT. 43, 44 Therefore, factors that impair the corneal structure will affect measurement of the IOP when performed indirectly.
Human studies that evaluated the diurnal changes in CCT have shown that CCT is positively correlated with IOP, [1] [2] [3] [4] [5] [6] [7] [8] and this correlation is dependent on the tonometer employed. 45 Only one previous study in Beagle dogs 14 evaluated the diurnal correlation between CCT and IOP, measured using UP and applanation tonometry, which found that these variables were positively correlated. In our study, the regression analysis showed a correlation between the IOP values obtained by rebound tonometry and CCT readings obtained by UP. The regression equation demonstrated that for every 100 lm increase in CCT, there was an elevation in IOP by 0.8 mmHg.
Very few studies have reported the correlation between IOP and CCT in dogs, 9, 10 so this remains to be determined in this species. A recent study found a positive correlation between the IOP measured with either TonoPen or TonoVet and the CCT measured with UP in dogs, in which IOP variations of 1 and 2 mmHg, respectively, were recorded for every 100 lm increase in CCT. 9 This is similar to results reported in humans, which showed an IOP variation between 1.1 and 3.2 mmHg for every 100 lm of CCT, 7, 8, 46 as measured with different tonometers and pachymeters. Although corneal thickness only explains 10% of the IOP, it appears to be an important factor to consider in daily ophthalmological exploration.
The average CCT value for the 10 dogs in the current study was 550.81 AE 62.35 lm, with minimum and maximum values of 396 and 679 lm, respectively. These results are within the normal range for dogs and are similar to those described previously. 9, 14, 17 Neither the eye measured nor the gender of the animal significantly influenced the CCT values in this study, which is consistent with the previous studies. However, the CCT values of males (589.58 AE 8.08 lm) were higher than females (512.04 AE 13.62 lm), as shown in similar studies in dogs. 14, 27, [47] [48] [49] The main factor that influences CCT is body weight, therefore, males (theoretically larger than females) often have a higher CCT. 14, 27 The mean IOP obtained in the current study was 8.61 AE 2.63 mmHg, which is similar to values previously reported in other studies that also used rebound tonometry. 17, 50 However, IOP values measured in dogs using applanation tonometry 10, 14, 18 or indentation tonometer 30 were higher when compared to those measured by rebound tonometry.
Differences between the minimum and maximum values can reach ≥9 mmHg, as found in some dogs (25%) in the current study. This suggests that IOP variations may be large in some species and may not be recognized during diagnostics.
The eye measured and gender of the dogs did not significantly affect the IOP values in this study, consistent with the previous studies. 3, 5, 12, 14, 24 
CONCLUSION
Measurement of IOP by rebound tonometry and CCT by UP in Beagle dogs showed diurnal variations, with higher values obtained early in the morning compared to the afternoon/evening. We also confirmed a positive correlation between IOP and CCT. An increase in IOP by 0.8 mmHg must be considered for every 100 lm increase in CCT. Thus, caution must be exercised when interpreting IOP values in terms of both diagnostics and treatment, and the time of the day when the measurements were taken must be considered.
It is important to increase our understanding regarding the value of CCT in clinical practice. Indeed, CCT is one of the factors that should be taken into account when determining its influence in terms of resistance and the potential effect on IOP measurement to achieve a more accurate IOP.
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